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Abstract
The HSP60/HSP10 chaperonin assists folding of proteins in the mitochondrial matrix space by enclosing them in its
central cavity. The chaperonin forms part of the mitochondrial protein quality control system. It is essential for cellular
survival and mutations in its subunits are associated with rare neurological disorders. Here we present the first survey
of interactors of the human mitochondrial HSP60/HSP10 chaperonin. Using a protocol involving metabolic labeling of
HEK293 cells, cross-linking, and immunoprecipitation of HSP60, we identified 323 interacting proteins. As expected,
the vast majority of these proteins are localized to the mitochondrial matrix space. We find that approximately half of
the proteins annotated as mitochondrial matrix proteins interact with the HSP60/HSP10 chaperonin. They cover a
broad spectrum of functions and metabolic pathways including the mitochondrial protein synthesis apparatus, the
respiratory chain, and mitochondrial protein quality control. Many of the genes encoding HSP60 interactors are
annotated as disease genes. There is a correlation between relative cellular abundance and relative abundance in the
HSP60 immunoprecipitates. Nineteen abundant matrix proteins occupy more than 60% of the HSP60/HSP10
chaperonin capacity. The reported inventory of interactors can form the basis for interrogating which proteins are
especially dependent on the chaperonin.
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Introduction

The HSP60/HSP10 chaperonin, a molecular chaperone in the
mitochondrial matrix space, is essential for survival of eukary-
otic cells (Christensen et al. 2010). Molecular chaperones rec-
ognize and intermittently bind folding intermediates and pro-
mote their folding to the native state (Hartl and Hayer-Hartl
2009). Together with proteases and accessory factors they take
care of protein quality control and maintain protein homeosta-
sis, in short proteostasis, an essential triage process that on one
side facilitates and safeguards protein folding and on the other
removes misfolded proteins that may otherwise aggregate and
disturb cellular processes (Gottesman et al. 1997; Hipp et al.
2019). Protein misfolding is a widely observed feature in dis-
eases and associated with numerous degenerative disorders.
These include both toxic gain-of-function diseases like
Huntington’s, Alzheimer’s, and Parkinson’s disease, where
misfolded proteins aggregate, but also many inherited defi-
ciencies that typically result in loss-of-function, when
misfolded mutant proteins are proteolytically degraded
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(Gregersen et al. 2006; Kim et al. 2013). Pathological protein
misfolding can also be caused by environmental stress or by
mutations in genes encoding protein quality control compo-
nents, like chaperones and proteases. Remarkably, a whole
series of rare human disorders affecting components of mito-
chondrial protein quality control chaperones and proteases
have been described (Bie et al. 2016; Casari et al. 1998; Di
Bella et al. 2010; Dikoglu et al. 2015; Hansen et al. 2002;
Jenkinson et al. 2013; Royer-Bertrand et al. 2015; Saisawat
et al. 2014). In particular, a number of rare phenotypically
distinct human neurological diseases are associated with mu-
tations in the HSPD1 and HSPE1 genes encoding human
HSP60 and HSP10, respectively (Bie et al. 2016; Bross
et al. 2008; Hansen et al. 2002; Magen et al. 2008). The
HSP60 and HSP10 proteins are expressed at high levels in
all tissues. It is therefore unclear why inherited deficiencies
of this chaperonin primarily affect neuronal tissues and appar-
ently have no noticeable impact on other tissues, such as the
muscle cells of heart and skeletal muscle, both of which are
highly dependent on mitochondria as energy source.
Secondary HSP60/HSP10 deficiency has been implicated as
a disease mechanism in Parkinson’s disease (Szegő et al.
2019). Here, cytosolic trapping of HSP10 in synuclein aggre-
gates may contribute to HSP60/HSP10 chaperonin deficiency,
resulting in mitochondrial dysfunction observed in
Parkinson’s disease. Despite many years of research on the
HSP60/HSP10 chaperonin, the spectrum of mitochondrial
proteins using this chaperonin is still poorly defined.

The chaperone function of the mitochondrial HSP60 was
first recognized in experiments with a temperature-sensitive
mutant of yeast Hsp60 that resulted in failure to assemble
mitochondrial ornithine transcarbamylase (OTC) and the β-
subunit of F1-ATPase (F1β) (Cheng et al. 1989). The primary
role of Hsp60 in protein folding, rather than assembly, was
demonstrated in experiments with the Hsp60 of the fungus
N. crassa (Ostermann et al. 1989), and Hsp10 was character-
ized as an essential component of the mitochondrial Hsp60/
Hsp10 system in yeast (Hohfeld and Hartl 1994). HSP60 and
HSP10 and their orthologs in bacteria and plant chloroplasts
are highly conserved between species (Bross 2015) and
inactivating mutations in the E. coli (Fayet et al. 1989), yeast
(Cheng et al. 1989), fly (Perezgasga et al. 1999), and mouse
(Christensen et al. 2010) orthologs are lethal. In analogy to the
prototype bacterial chaperonin GroEL/GroES (Hayer-Hartl
et al. 2016), mitochondrial HSP60 assembles into double-
rings forming a barrel structure with an inner cavity that can
be closed by lids formed by HSP10 rings (Nisemblat et al.
2015). This architecture allows cycles of binding, encapsula-
tion, folding, and release of proteins. These cycles involve
conformational changes orchestrated by ATP binding and hy-
drolysis, allosteric communication between the HSP60 rings,
and closing and opening of the cavity by the HSP10 lid (Levy-
Rimler et al. 2002; Levy-Rimler et al. 2001).

Research on the GroEL/GroES chaperonin from E. coli has
indicated that approximately 250–300 proteins out of the es-
timated 2500 cytoplasmic polypeptides of E. coli interact with
the GroEL/GroES chaperonin (Houry et al. 1999). Subsequent
investigations identified approximately 85 proteins that were
suggested to be obligately dependent on the GroEL/GroES
chaperonin for folding to the native state (Kerner et al.
2005). For approximately 60% of these proteins, GroEL de-
pendence was confirmed (Fujiwara et al. 2010). Extrapolated
to the mitochondrial matrix, which contains approximately
500 proteins (Rhee et al. 2013), this would mean that around
50 proteins interact with the HSP60/HSP10 chaperonin and
15–20 proteins would be obligately dependent. So far only a
handful of mitochondrial matrix proteins have been reported
to interact with the mammalian HSP60/HSP10 chaperonin in
a manner modulating their folding. Examples are the fatty acid
oxidation enzyme medium-chain acyl-CoA dehydrogenase
(MCAD) (Saijo et al. 1994), the oxidative stress defense pro-
tein manganese superoxide dismutase (SOD2) (Magnoni et al.
2014), and the UQCRC1 subunit of respiratory chain complex
III (Magnoni et al. 2013).

The present study is the first systematic survey of proteins
interacting with the human HSP60/HSP10 complex.We show
in HEK293 cells that the HSP60/HSP10 chaperonin interacts
with a surprisingly large fraction of mitochondrial matrix pro-
teins, covering a wide range of mitochondrial functions and
pathways. The present study establishes an inventory of ma-
trix proteins that interact with the HSP60/HSP10 chaperonin.

Materials and methods

Cell culturing, crosslinking, and IP

HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% dialyzed fetal calf serum
(PAA Laboratories), 50 units/ml penicillin, and 50 μg/ml
streptomycin. SILAC labeling of the HEK293 cells was
performed as described previously (Ong and Mann 2006).
Unlabeled and labeled arginine and lysine were added as
follows: SILAC light: L-arginine (R0) and L-lysine (K0)
(Sigma); SILAC medium: L-[U-13C6,

14N4]arginine (R6)
a n d L - [ 2 H 4 ] l y s i n e ( K 4 ) ; a n d S I LAC h e a v y :
L-[U-13C6,

15N4] arginine (R10) and L-[U-13C6,
15N2] lysine

(K8) (all from Cambridge Isotope Laboratories). Cells were
grown at 37 °C in the respective medium in a humidified
incubator with 5% CO2 atmosphere.

For heat-shock, cells were treated for 3 h at 43 °C followed
by 12 h recovery at 37 °C. Before harvesting at approximately
90% confluency, cells were washed in PBS and incubated for
30 min with 5 mM cross-linker dithiobis (succinimidyl propi-
onate) (DSP, Thermo Scientific, cat. no. 22585) in PBS.
Crosslinking was quenched by addition of 50 mM Tris-HCl
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pH 7.5. Cells were harvested using a cell scraper, counted,
pelleted by centrifugation and lysed by three freeze/thaw cy-
cles in a buffer containing 50 mM Tris-HCl pH 7.5, 50 mM
NaCl, 5 mM EDTA, and supplemented with hexokinase to
deplete ATP and protease inhibitors (complete protease inhib-
itor cocktail, EDTA-free (Sigma, cat. no. C2978)).

Co-immunoprecipitation was performed using Dynabeads
M-270 epoxy (Invitrogen, cat. no. 143.01) covalently coupled
to anti-HSP60 (Abcam cat. no. ab110312) or anti-GFP anti-
body (Abcam cat. no. ab3277) according to manufacturer’s
instructions with the following modification: samples were
eluted from beads by boiling at 95 °C in 1x SDS sample buffer
(60 mM Tris-HCL pH 6.8, 5% (v/v) glycerol, 1.66% (w/v)
SDS, 0.1 M DTT).

Western blotting

Cells were heat-shocked as described above. Prior to harvest-
ing, cell density and morphology were recorded by imaging
with a light microscope (× 10 magnification). Cells were har-
vested using a cell scraper and lysed in CelLytic M (Sigma,
cat. no. C2978) lysis buffer supplemented with complete pro-
tease inhibitor cocktail tablet (Sigma, Roche, cat. no.
11697498) according to manufacturer’s instructions.
Samples (10 μg) were separated on Any-kDa Stain-Free
SDS-PAGE gels (Criterion TGX, BioRad, cat. no. 5678125),
UV activated for detection of total protein levels and blotted
onto low fluorescence polyvinylidene fluoride membranes
(BioRad, cat. no. 1620263). Membranes were blocked with
5% skim milk in PBS with 0.1% Tween-20. Respective re-
gions were cut from the membranes and incubated over night
with primary antibodies directed against HSP60 (Thermo
Scientific, cat. no. MA3–013) or HSP10 (Abnova, cat. no.
PAB15431). After washing of the membranes with PBS/
Tween-20, membranes were incubated for 1 h with the appro-
priate HRP-conjugated secondary antibodies (goat anti-
mouse, Dako cat. no. P0447; goat anti-rabbit, Dako cat. no.
P0448; for HSP60 IP: rat anti-mouse TrueBlot® ULTRA,
Rockland cat. no. 18–8817-30) and detected with ECL Plus
Western Blotting Substrate (Thermo Scientific, cat. no.
32132) using the LAS4000 imaging system (GE
Healthcare). Images were analyzed with ImageQuantTL 7.0
software (GE Healthcare).

Mass spectrometry analysis

For preparation of samples for mass spectrometry (MS) anal-
ysis, Filter Aided Sample Preparation (FASP; (Wisniewski
et al. 2009)) was used to generate tryptic peptides of the co-
immunoprecipitated proteins. In short, samples were diluted
threefold in 8 M Urea in 0.1 M Tris pH 8.5 and then concen-
trated to approximately 15 μl in a 10 K filter spin column
(Millipore). Proteins were then reduced and alkylated with

10 mM DTT and 50 mM iodoacetamide, respectively, prior
to overnight trypsin treatment at 37 °C. The peptide solution
was collected by centrifugation followed by peptide fraction-
ation using strong anion exchange (SAX) by stepwise elution
from a microcolumn (Rappsilber et al. 2007). Samples were
desalted using C-18 purification prior to LC-MS/MS analysis
on a nanoAcquity HPLC system coupled to a LTQ-Orbitrap
(Thermo) mass spectrometer. Samples were injected onto a
home-made 40 cm silica reversed-phase capillary column
(New Objective) packed with 3.0 μm ReproSil-Pur C18-AQ
(Dr. Maisch GmbH). Samples were loaded on the column by
the nLC autosampler at a flow rate of 0.5 μl per minute. No
trap column was used. Peptides were separated by a 150-min
gradient of 5–30% between buffer A (0.1% formic acid in
water) and buffer B (0.1% formic acid in 80% acetonitrile)
at a flow rate of 300 nL/min. MS/MS analysis was performed
with standard settings using cycles of one high resolution
(70,000 FWHM setting) MS scan followed by MS/MS scans
of the 8 most intense ions with charge states of 2 or higher at a
resolution setting of 17,500 FWHM.

Data analysis

Proteins were identified and quantified with MaxQuant soft-
ware version 1.5.4.1 (Cox and Mann 2008). Default search
parameters were used against a human UNIPROT database
(version 20190312). Output was sorted in Excel to generate a
list of proteins identified and quantified in minimum two out
of three experiments.

SCOP protein fold superfamilies were analyzed using the
SUPERFAMILY 2 algorithm (http://supfam.org, (Gough et al.
2001)). Fold annotations were then extracted from the subor-
dinate superfamily tree level using annotations provided in
http://supfam.org/SUPERFAMILY/function/scop.annotation.
1.73.txt. P values were calculated by chi-square analysis
(http://www.statskingdom.com/310GoodnessChi.html).

Results and discussion

Identification of proteins interacting
with the HSP60/HSP10 chaperonin

The HSP60/HSP10 chaperonin encapsulates proteins under-
going folding in its central cavity. In order to identify the
substrate spectrum of the complex, we performed immunopre-
cipitation of the HSP60/HSP10 chaperonin from human
HEK293 cells followed by mass spectrometric (MS) analysis
of the co-immunoprecipitated proteins. We selected a mono-
clonal anti-HSP60 antibody certified for immunoprecipitation
and immunohistochemistry. As an indication for successful
immuno-purification of intact chaperonin complexes, we
monitored co-immunoprecipitation of HSP10. Western
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blotting of the co-immunoprecipitates (co-IPs) only detected
co-immunoprecipitated HSP10 protein when cells were treat-
ed with the cross-linker DSP (Supplementary Fig. S1A).
Furthermore, MS analysis of co-IPs with and without DSP
treatment showed significantly increased HSP10 sequence
coverage (from approximately 30 to > 50%) in samples treated
with the cross-linker, indicating clearly higher amounts of co-
immunoprecipitated HSP10 protein.

Based on this groundwork, we designed the experimen-
tal strategy sketched in Fig. 1. HEK293 cells were grown
for at least three cell divisions in medium containing dif-
ferent isotope labeled arginine and lysine (see “Materials
and methods”). In each of the three experiments, one
batch of cells was exposed to heat stress for 3 h at
43 °C, followed by 12 h recovery at 37 °C before
crosslinking and harvesting. We performed the heat shock
treatment in order to generate a situation where the mito-
chondrial protein quality control system is challenged by
folding stress. Three hours of heat-shock affected cell
m o r p h o l o g y a n d n um b e r o f a t t a c h e d c e l l s
(Supplementary Fig. S1B) and HSP60 levels appeared
slightly increased. After 12 h recovery, cell morphology
normalized. MS analyses of lysates showed an approxi-
mately 15% relative increase of HSP60 protein levels in
heat-shocked cells compared with controls. The full ex-
periment was performed in three independent replicates
with swapping of SILAC labels between the three sam-
ples. Cells were then treated with the cross-linker, har-
vested, lysed, and subjected to immunoprecipitation using
anti-HSP60 or anti-GFP antibodies as indicated in Fig. 1
and described in materials and methods. The anti-GFP
antibody was used as a control for unspecific binding to
antibodies and beads. The co-IPs from each experiment
were mixed, digested with trypsin, and analyzed by
nano-LC-MS/MS analysis.

After employing MaxQuant software for identification
and quantitation of co-immunoprecipitated proteins, we
used the SILAC ratios obtained in the analyses as quan-
titative measures for the relative amounts of the co-
immunoprecipitated proteins. The criteria to be met for
classification as an HSP60 interactor were as follows: 1)
a SILAC ratio of at least 3 to 1 for the anti-HSP60 im-
munoprecipitation versus the control anti-GFP antibody
and 2) detection in at least two of the three experiments
with such a SILAC score. Proteins only detected in the
HSP60 co-IP that displayed zero intensity in the GFP co-
IP were also judged as fulfilling the SILAC ratio criterion.

Three hundred and twenty-three proteins (313 in the
[−HS] and 239 in the [+HS] co-IP inventory) met these
criteria (Fig. 2; see full list of proteins in Supplementary
Table S1) and were thus defined as HSP60 interactors.
Comparison of the list of HSP60 interactors with the

Interactors

MitoCarta 2.0

Matrix Non-
matrix

Non-
MitoCarta 2.0

[+HS]

Light

Medium
Heavy

m/z

In
te

ns
ity

[-HS]

α-HSP60

nLC-MS/MS

Control

Exp. 1

α-HSP60α-GFP

Cell lysis

Co-IP

Exp. 2

Exp. 3

Mix

Quantitated in ≥2/3 Exp. & ≥ 3
α- HSP60
α- GFP

DSP

Fig. 1 Strategy for identification of interactors of the HSP60/HSP10
chaperonin. HEK293 cells were grown at 37 °C in light, medium, and
heavy SILAC medium, respectively. One of the cultures in each experi-
ment, [+HS], was treated at 43 °C for 3 h, followed by 12 h of recovery at
37 °C. At the end of incubation, cross-linker was added and cells were
subsequently lysed and subjected to immunoprecipitation with antibodies
directed against HSP60 (α-HSP60) or GFP (α-GFP) as indicated. The
three immunoprecipitates were pooled and subjected to nano-LC-MS/MS
analysis. The experiment was performed in three independent replicates
with swapping of the media as indicated. Proteins quantified in at least 2
of the 3 experiments with a SILAC-ratio ≥ 3 between the HSP60 co-IPs
versus the GFP co-IP in the respective experiments were classified as
HSP60/HSP10 chaperonin interactors. Proteins quantitated in the
HSP60 co-IP and having zero intensity in the GFP co-IP were also judged
as fulfilling the SILAC ratio criterion. The interactors were cross-checked
for presence in the MitoCarta 2.0 inventory of mitochondrial proteins, the
inventory of mitochondrial matrix proteins, and the inventory of inter-
membrane space proteins
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MitoCarta 2.0 inventory of mitochondrial proteins (Calvo
et al. 2016) revealed that the bulk of HSP60 interactors
(276 of 323) are annotated as mitochondrially localized in
MitoCarta 2.0. Only 7 of the 276 MitoCarta 2.0 annotated
interactors in the [+HS] co-IP inventory were not part of
the [−HS] inventory suggesting that the heat shock treat-
ment does not lead to more interactors, but rather to a
reduced number of interactors.

Manual inspection of the UNIPROT (http://www.
uniprot.org) entries for the 47 proteins (44 in the [–HS]
and 28 in the [+HS] inventory) not listed as mitochondrial
proteins in MitoCarta 2.0 revealed that 17 are involved in
cytosolic protein synthesis (including 13 subunits of
cytosolic ribosomes), 9 are extramitochondrial molecular
chaperones or other folding facilitators, and 4 are
cytoskeleton-related proteins. We assume that these pro-
teins either interacted non-specifically with HSP60 or
were immuno-captured as interactors of HSP60 during
its synthesis on cytosolic ribosomes or during trafficking
to the mitochondria.

The majority of HSP60 interactors are mitochondrial
matrix proteins

As the mitochondrial matrix compartment is the site where the
HSP60/HSP10 chaperonin performs its chaperoning function,
we expected that most of the interacting proteins were mito-
chondrial matrix proteins. Comparison of the list of the
HSP60 interactors with the list of 495 experimentally mapped
matrix proteins (Rhee et al. 2013) revealed that altogether 225
proteins (218 in the [−HS] and 172 in the [+HS] co-IP inven-
tory) were matrix proteins (Fig. 2B). This indicates that almost
half (45%) of the proteins included in the matrix inventory
interact with the HSP60/HSP10 chaperonin. More than 70%
of the matrix interactors are annotated in UNIPROT as
possessing a mitochondrial transit peptide indicating that they
use the standard import pathway into the matrix space via the
TIM23 complex in the inner mitochondrial membrane
(Pfanner et al. 2019; Wasilewski et al. 2017).

A small number (13) of the HSP60 interactors are listed as
being localized in both the matrix and the intermembrane

44
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87 18
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525
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[-HS] HSP60 
interactors

313 proteins

MitoCarta 2.0
1158* proteins
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495* proteins
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Published 
inventories

All 
interactors

Common  in 
[-HS] and 

[+HS]Descrip�on [-HS] [+HS]

co-IP-ed proteins - 323 229 313 239
non Mitocarta 2.0 - 47 25 44 28
MitoCarta 2.0 1158 276 204 269 211

Matrix 495 225 165 218 172
IMS 127 21 15 21 15

Fig. 2 Overview of the
interactors found. aVenn diagram
showing the interactors of the
HSP60/HSP10 chaperonin iden-
tified in the [−HS] co-IPs and as-
signment to the MitoCarta 2.0
(Calvo et al. 2016), mitochondrial
matrix space (Rhee et al. 2013),
and mitochondrial intermembrane
space (IMS) inventories (Hung
et al. 2014). (*) denotes that the
protein numbers do not add up to
the total number of proteins in the
inventories because HSP60 (part
of MitoCarta 2.0, and the matrix
inventory) and HSP10 (part of all
3 inventories) are not included. b
Table giving an overview over
protein numbers in the mitochon-
drial protein inventories and the
HSP60 interactors. The numbers
of all interacting proteins found,
proteins in the [−HS] and [+HS]
co-IPs, respectively, and proteins
common in both co-IPs are given
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space (IMS) (Hung et al. 2014; Rhee et al. 2013). These pro-
teins likely span the inner membrane and possess domains
emerging into the matrix space. Three of these proteins
(COX4I1, COX7A2L, and MT-CO2) are complex IV sub-
units, with domains in both the IMS and the matrix space
(Ghezzi and Zeviani 2012).MT-CO2 is encoded bymitochon-
drial DNA. We also found another mitochondrial DNA-
encoded protein as interactor, MT-ATP6, a subunit of complex
V, which is not enclosed in the matrix and IMS inventories.
Most of the 13 mitochondrial DNA encoded respiratory chain
subunits are highly hydrophobic with multiple transmembrane
domains. They have been shown to be co-translationally
inserted into the inner membrane (Ott and Herrmann 2010)
and are therefore not prime candidates to interact with the
HSP60/HSP10 chaperonin in the matrix. MT-CO2 has only
two transmembrane domains and it possesses one long and
two short hydrophilic stretches. MT-ATP6 also displays hy-
drophilic regions (Ott and Herrmann 2010). The presence of
hydrophilic domains may explain why these two proteins in-
teract with the HSP60/HSP10 chaperonin.

Among the identified chaperonin interactors were also two
of the small set of proteins previously reported to depend on
the HSP60/HSP10 chaperonin for folding: UQCRC1, a sub-
unit of complex III, and the matrix superoxide dismutase
SOD2. Folding of these proteins was impaired in mice hetero-
zygous for a knock-out allele of the Hspd1 gene encoding
murine HSP60 (Magnoni et al. 2013; Magnoni et al. 2014).
A large-scale MS study of the total mitochondrial protein in-
teractome of mouse heart reported a multitude of inter- and
intra-molecular crosslinks within and between HSP60 and
HSP10 molecules, but only six cross-links of HSP60 or
HSP10 peptides to potential client proteins (ATP5A1, CS,
MDH2, C21ORF33, PPIF, PRDX5) (Liu et al. 2018).
Except for PRDX5, they were all identified as HSP60
interactors in our HSP60 interactome. The HSP60 interactome
also contains several orthologs of proteins previously
found to interact with yeast HSP60, including malate de-
hydrogenase (MDH2), mitochondrial HSP70 (HSPA9),
aconitase (ACO2), the alpha subunit of isocitrate dehy-
drogenase (IDH3A), thiosulfate sulfurtransferase (TST),
and the Rieske Fe/S protein subunit of complex III
(UQCRFS1) (Cheng et al. 1989; Dubaquie et al. 1998;
Hohfeld and Hartl 1994; Ostermann et al. 1989).

Broad coverage of functions and pathways
in the mitochondrial matrix

The HSP60 interactome comprises a broad spectrum of mito-
chondrial proteins that function in many metabolic pathways
including the major energy production pathways: the respira-
tory chain, the tricarboxylic acid cycle, and fatty acid oxida-
tion (Supplementary Table S1). The largest functional sub-
group among the interactors are 74 proteins involved in

mitochondrial protein synthesis. These proteins have a central
role for synthesis of the respiratory chain subunits encoded by
the mitochondrial DNA. Over half of them (43) are subunits
of mitochondrial ribosomes. Another prominent subgroup of
interactors related to mitochondrial protein synthesis are 13
mitochondrial t-RNA ligases. Mutations in the genes
encoding mitochondrial t-RNA ligases are prominently asso-
ciated with diseases of the central nervous system (Sissler
et al. 2017) and their impaired folding due to genetic deficien-
cy of the HSP60/HSP10 chaperonin could be related to the
neuron-specific phenotypes of the chaperonin disorders.

Among the HSP60 interactors are several other compo-
nents of the mitochondrial quality control machinery: the ma-
trix localized mitochondrial HSP70 chaperone homolog
HSPA9 and its co-factors (DNAJA3 and GRPEL1), the mito-
chondrial HSP90 chaperone homolog TRAP1, the CLPP and
CLPX subunits of the matrix CLPXP protease, and the matrix
protease LONP1. Besides the possibility that the HSP60/
HSP10 chaperonin assists in folding of these proteins, these
interactions may also reflect higher order complexes com-
posed of two or more protein quality control components
and unfolded or partially folded proteins. Interaction of the
matrix protease LONP1 with both HSP60 and HSPA9 has
been reported previously in a proteomic study of the LONP1
interactome (Kao et al. 2015).

Another large group of interactors are 33 subunits of respi-
ratory chain complexes including subunits from all five com-
plexes, most of which are exposed to the mitochondrial matrix
space (Supplementary Fig. S2).

One hundred and forty five of the genes encoding HSP60
interactors are annotated as disease genes in UNIPROT, in-
cluding many neurological disease genes. Fifteen of the dis-
ease entries mention the term “leukodystrophy,” a phenotype
associated with two of the HSP60/HSP10 chaperonin disor-
ders (Bie et al. 2016; Magen et al. 2008). Thirteen of these 15
genes encode subunits or assembly factors of respiratory chain
complex I. The two others are PYCR2, associated with a
hypomyelinating leukodystrophy, and GLRX5, encoding an
iron-sulfur cluster assembly protein.

Size distribution of HSP60 interactors

Calculations based on the X-ray crystal structure of the
E. coli GroEL/GroES chaperonin predicted that proteins
up to approximately 70 kDa can be accommodated in the
closed chaperonin cavity (Xu et al. 1997) and an experimen-
tal analysis estimated the maximum size that can be encap-
sulated to be around 57 kDa (Sakikawa et al. 1999). Among
the interactors of E. coli GroEL/GroES, proteins with mo-
lecular masses between 30 and 50 kDa were overrepresent-
ed in relation to the size distribution of all E. coli proteins
(Kerner et al. 2005). To assess whether the same is the case
for the human HSP60 interactors, we plotted the size
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distribution profile of the matrix annotated interactors in the
[−HS] co-IP (Fig. 3). This showed a pattern similar to the
profile for all proteins of the matrix inventory. Proteins with
masses between 45 and 60 kDa were slightly overrepresent-
ed and proteins with masses below 25 kDa were underrep-
resented among the HSP60 interactors. The latter is consis-
tent with the notion that small proteins often possess only
one domain and fold spontaneously whereas larger
multidomain proteins typically require longer time and
chaperone interaction for folding and domain arrangement.

A narrow segment of proteins with masses between 100
and 105 kDa were underrepresented; however, 27 matrix pro-
teins with a size larger than 75 kDa were found as interactors
of HSP60. One of them is aconitase (ACO2) with a molecular
mass of 85.4 kDa. This is in agreement with the finding that
the two yeast aconitase homologs, ACO1 and ACO2, have
been shown to interact with yeast HSP60 (Dubaquie et al.
1998) and in vitro experiments that indicated that GroEL/
GroES can assist the folding of yeast aconitase by a binding
and release mechanism not involving encapsulation
(Chaudhuri et al. 2001).

We also determined the fraction of the total HSP60 capac-
ity that is occupied by proteins in the different size groups. To
do this, the matrix-annotated interactors were quantified based
on their intensity based absolute quantification (iBAQ) values
in the [−HS] co-IPs. The iBAQ value is calculated by sum-
ming up the peak intensities of all peptides matching to a
specific protein and dividing it by the number of theoretically
observable peptides for the respective protein. It is an approx-
imate measure for absolute protein copy numbers, as it cor-
rects for protein size. The sum of iBAQ values in the respec-
tive size groups was plotted as percentage fraction of the sum
of the iBAQ values of all matrix-annotated [−HS] co-IP

interactors (columns in Fig. 3). This analysis showed that pro-
teins up to 60 kDa in size occupy ~ 85% of the total Hsp60
capacity, consistent with the vast majority of interactors being
of a size appropriate for encapsulation. There is an overrepre-
sentation of proteins in the mass range 55–60 kDa; however,
this is mainly due to the interaction of only 3 proteins with
HSP60, 2 subunits of complex V (ATP5A1 and ATP5B), and
a serine methylase (SHMT2), which in sum account for al-
most 20% occupancy.

Classification of the interactors of E. coliGroEL according
to protein fold type revealed a significant enrichment in the
(βα)8 TIM-barrel fold (SCOP class c.1) (Kerner et al. 2005).
To test whether certain fold types were enriched in the HSP60
interactome, we compared the fold frequencies in the mito-
chondrial matrix [−HS] HSP60 interactors to those in the mi-
tochondrial matrix proteome. This analysis revealed no signif-
icant over- or underrepresentation of fold types in the HSP60
interactome (Supplementary Fig. S3) The lowest P value (chi-
square analysis) was 0.1 for the c.66 fold class. The c.1 fold
class enriched in GroEL/GroES interactors was slightly but
non-significantly underrepresented. It should, however, be
noted that the matrix protein inventory only contains 9
SCOP c.1 class proteins which makes it difficult to judge
enrichment or diminishment.

Are certain HSP60 interactors enriched?

In case of the interactors of E. coli GroEL, it was possible to
distinguish between groups of proteins with different levels of
dependence on the chaperonin for folding (Kerner et al. 2005).
This was based on the rationale that obligately dependent
proteins are most enriched on GroEL, as the whole population
of molecules transits through the chaperonin system for fold-
ing. Their relative abundance in the chaperonin is therefore
greater than their relative cellular abundance. To assess wheth-
er we could in a similar way assign the HSP60 interactors into
subgroups, we plotted the log (10) iBAQ values for all matrix-
annotated interactors in the [−HS] co-IPs versus the cellular
abundance of these proteins (log (10) iBAQ) in HEK293 cells.
Figure 4 shows the plot of these values. For cellular abun-
dance, we used iBAQ data from a deep proteomic study of
the proteomes of 11 human cell lines, including HEK293
cells, by Geiger et al. (Geiger et al. 2012), which covers quan-
titative values for all HSP60 interactors. If all proteins interact
with HSP60 to the same extent, there would be a linear rela-
tionship between the abundance in the IP and the abundance
in the cell. The plot roughly shows such a relationship as
indicated with the regression line. Pearson’s correlation anal-
ysis showed a positive relationship with a correlation coeffi-
cient of 0.558. Proteins identified in both the [−HS] and the
[+HS] co-IPs are marked with black circles and proteins only
identified in the [−HS] co-IP and not in the [+HS] co-IP are
marked with gray squares. The proteins only identified in the
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[−HS] co-IPs typically display low log (10) iBAQs values on
HSP60; in sum less than 3.5% of HSP60/HSP10 occupancy.
This may suggest that proteins with low dependence on the
chaperonin are supplanted by proteins with higher depen-
dence upon heat shock and recovery treatment.

In contrast, proteins identified in both the [−HS] and [+HS]
co-IPs typically displayed high occupancy values. Nineteen
proteins (labeled as black text on gray background in Fig. 4)
with occupancy values > 1% account for approximately 60%
of HSP60/HSP10 chaperonin occupancy. These proteins dis-
play also high abundance in HEK293 cells. MDH2, mito-
chondrial malate dehydrogenase, is a bona fide chaperonin
substrate and has extensively been used for measuring
in vitro refolding activity of both the GroEL/GroES and the
human HSP60/HSP10 chaperonin (Nielsen et al. 1999).
HSPA9 and TRAP1 are two matrix protein quality control
chaperones that may interact functionally with HSP60.

A group of 11 proteins showmarkedly higher abundance in
the [−HS] co-IP compared with their cellular abundance (ratio
of log (10) iBAQ in [−HS] co-IP versus HEK293 total lysate
log (10) iBAQ > 1.0; see Supplementary Table S1). This sug-
gests that these proteins display a high dependence on the
HSP60/HSP10 chaperonin for folding and conformational
maintenance and they may thus be of special interest for

further studies. One of them, the t-RNA ligase VARS2, is
associated with several forms of mitochondrial encephalopa-
thies or cardiomyoencephalopathies (Diodato et al. 2014;
Taylor et al. 2014).

With the exception of MRPL3, the ribosomal subunits
(labeled with white crosses in Fig. 4) display comparable
abundances in HEK293 cells (less than tenfold range), while
their abundance in the HSP60/HSP10 chaperonin spans over
two orders of magnitude. This indicates that the ribosomal
subunits are not associated as whole units via bound emerging
mitochondrial translation products, but rather interact as single
unassembled units.

Conclusions

Approximately half of the mitochondrial matrix-annotated
proteins interact with the HSP60/HSP10 chaperonin. The
strong correlation between cellular abundance of these pro-
teins and their occupancy of the HSP60/HSP10 chaperonin
suggests a general role of the HSP60/HSP10 chaperonin in
the folding of mitochondrial matrix proteins. Just 19 of the
interactors account for more than 60% of the mass of the co-

Fig. 4 Comparison of abundance of HSP60/HSP10 chaperonin
interactors with cellular abundance. The log (10) iBAQ values of matrix
assigned HSP60/HSP10 chaperonin interactors in the [−HS] co-IPs are
plotted against their log (10) iBAQ values in HEK293 cell lysates (Geiger
et al. 2012). The values for matrix proteins only identified in the [−HS]
co-IP and not in the [+HS] co-IPs are depicted with gray squares and
proteins identified in both the [+HS] and the [−HS] co-IPs are depicted
with filled black circles. Squares and circles representing ribosomal sub-
units are marked with white crosses. Linear regression of all data points is
shown by the stippled black line. Pearson’s correlation analysis showed a

positive relationship with a correlation coefficient of 0.558. The log (10)
iBAQ value corresponding to 1% occupancy of the HSP60/HSP10
chaperonin is indicated with an arrow on the horizontal axis. Points for
the following subgroups of proteins and proteins referred to in the text are
labeled as follows: the 19 proteins accounting for 63% of occupancy
(black label on gray background); proteins with relatively high
chaperonin occupancy in relation to their cellular abundance (boxed la-
bels); additional proteins mentioned in the text (white label on black
background)
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immunoprecipitated proteins; these proteins display also a
high cellular abundance.

The high number of mitochondrial matrix proteins
interacting with the HSP60/HSP10 chaperonin suggests
that the neuronal disorders caused by mutations in the
genes encoding the chaperonin subunits or triggered by
secondary HSP60/HSP10 chaperonin deficiency are due
to impaired folding of a larger group of mitochondrial ma-
trix proteins. Indeed, many of the genes encoding
interactors of the HSP60/HSP10 chaperonin interactors
are annotated as neurological disease genes. The sum of
functional deficiencies in several or many of these proteins
due to their impaired folding may cause the disorders. Our
inventory of the HSP60 interactome can form the basis for
further studies into exploring the dependence of the
interactors on the HSP60/HSP10 chaperonin for folding
and their contribution to the various disease phenotypes.
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